Clinical studies indicate that adenosine contributes to esophageal mechanical hypersensitivity in some patients with pain originating in the esophagus. We have previously reported that the esophageal vagal nodose C fibers express the adenosine A2A receptor. Here we addressed the hypothesis that stimulation of the adenosine A2A receptor induces mechanical sensitization of esophageal C fibers by a mechanism involving transient receptor potential A1 (TRPA1). Extracellular single fiber recordings of activity originating in C-fiber terminals were made in the ex vivo vagally innervated guinea pig esophagus. The adenosine A2A receptor-selective agonist CGS21680 induced robust, reversible sensitization of the response to esophageal distention (10 -60 mmHg) in a concentrationdependent fashion (1-100 nM). At the half-maximally effective concentration (EC50: Ϸ3 nM), CGS21680 induced an approximately twofold increase in the mechanical response without causing an overt activation. This sensitization was abolished by the selective A2A antagonist SCH58261. The adenylyl cyclase activator forskolin mimicked while the nonselective protein kinase inhibitor H89 inhibited mechanical sensitization by CGS21680. CGS21680 did not enhance the response to the purinergic P2X receptor agonist ␣,␤-methylene-ATP, indicating that CGS21680 does not nonspecifically sensitize to all stimuli. Mechanical sensitization by CGS21680 was abolished by pretreatment with two structurally different TRPA1 antagonists AP18 and HC030031. Single cell RT-PCR and whole cell patch-clamp studies in isolated esophagus-specific nodose neurons revealed the expression of TRPA1 in A 2A-positive C-fiber neurons and demonstrated that CGS21682 potentiated TRPA1 currents evoked by allylisothiocyanate. We conclude that stimulation of the adenosine A 2A receptor induces mechanical sensitization of nodose C fibers by a mechanism sensitive to TRPA1 antagonists indicating the involvement of TRPA1. vagus nerve; C fibers; nociceptor; adenosine; esophagus CLINICAL STUDIES HAVE PROVIDED evidence that adenosine contributes to noncardiac chest pain originating in the esophagus (1, 8) . In these studies, intravenous infusion of adenosine induced esophageal mechanical hyperalgesia characterized by a lowered pain threshold and enhanced pain in response to esophageal distention (34). Similar mechanical hyperalgesia has been observed in many patients with esophageal chest pain (30). Furthermore, the methylxanthine theophylline, which is also a nonselective adenosine receptor antagonist (32), reduced mechanical hyperalgesia in patients with functional chest pain of a presumed esophageal origin (33).
vagus nerve; C fibers; nociceptor; adenosine; esophagus CLINICAL STUDIES HAVE PROVIDED evidence that adenosine contributes to noncardiac chest pain originating in the esophagus (1, 8) . In these studies, intravenous infusion of adenosine induced esophageal mechanical hyperalgesia characterized by a lowered pain threshold and enhanced pain in response to esophageal distention (34) . Similar mechanical hyperalgesia has been observed in many patients with esophageal chest pain (30) . Furthermore, the methylxanthine theophylline, which is also a nonselective adenosine receptor antagonist (32) , reduced mechanical hyperalgesia in patients with functional chest pain of a presumed esophageal origin (33) .
These observations are consistent with the notion that adenosine receptors are involved in the mechanical sensitization of nociceptive pathways in the esophagus. While the location of the relevant adenosine receptors cannot be determined from clinical studies, one plausible explanation is that adenosine acts on the nerve terminals of esophageal nociceptive C fibers. Indeed, we have previously found that the esophageal C fibers express adenosine receptors, namely the adenosine A 1 and A 2A receptors (36) . We noted that adenosine both overtly activates and sensitizes the C fibers. We focus here on the adenosine A 2A receptor, which has been previously implicated in hyperalgesia in the somatosensory system and which we have found to be selectively expressed on nodose C fibers (18, 20, 36, 39) .
Transient receptor potential A1 (TRPA1) is a cation channel expressed extensively in nociceptors. TRPA1 mediates sensory transduction of a wide range of noxious chemical stimuli including environmental irritants and inflammatory molecules (17, 29, 41) . Intriguingly, TRPA1 has been also implicated in mechanical hypersensitivity (including in the esophagus) and hyperalgesia (4, 10 -12, 21, 24, 31, 45, 47) . We have reported that TRPA1 stimulation causes a prominent increase in the activity of esophageal nodose C fibers (6) . Based on this information we have developed the hypothesis that the stimulation of the adenosine A 2A receptors induces sensitization of nodose C fibers by a mechanism involving TRPA1.
MATERIALS AND METHODS
The experiments described in this study were approved by the Johns Hopkins Animal Use and Care Committee and/or Jessenius Faculty of Medicine Ethics Committee. Male Dunkin Hartley guinea pigs weighing 200 -250 g were used.
Extracellular recordings. Extracellular recordings from vagal neurons innervating the esophagus were performed as previously described (36, 49) . Extracellular recordings were made from vagal nodose neurons projecting distention-sensitive C fibers into the esophagus in an isolated, perfused, vagally innervated guinea pig esophagus preparation. The esophagus and trachea were dissected, preserving the bilateral extrinsic vagal innervation (including the nodose ganglia). The tissue was pinned in a small Sylgard-lined Perspex chamber filled with Krebs solution (in mM: 118 NaCl, 5.4 KCl, 1 NaH 2PO4, 1.2 MgSO4, 1.9 CaCl2, 25 NaHCO3, and 11 dextrose, gassed with 95% O 2-5% CO2, pH 7.4, 35°C) containing indomethacin (3 M). The esophagus and trachea were pinned in a tissue compartment, and the rostral aspect of the vagus nerves, including the nodose ganglion, was pinned in a recording compartment. The two compartments were separately superfused with Krebs solution (pH 7.4, 35°C, 4 -6 ml/ min). Polyethylene tubing was inserted 3-5 mm in the cranial and caudal ends of the esophagus and secured for perfusion. Isobaric esophageal distensions with an intraluminal pressure of 10, 30, and 60 mmHg (generated by a gravity-driven pressure system) for 20 s separated by 3 min were used to determine the distension pressurenerve activity relationship of an esophageal afferent fiber. An aluminosilicate glass microelectrode was filled with a 3-M sodium chloride solution (electrode resistance: 2 M⍀). The electrode was placed in an electrode holder connected directly to the head stage (A-M Systems, Sequim, WA). A return electrode of silver-silver chloride wire and earthed silver-silver chloride pellet was placed in the perfusion fluid of the recording compartment. The recorded signal was amplified (M1800; A-M Systems) and filtered (low cut-off: 0.3k Hz; high cut-off: 1 kHz), and the resultant activity was displayed on an oscilloscope (TDS1001B; Tektronix, Beaverton, OR) and chart recorder. The data were stored and analyzed on an Apple computer using the software TheNerveOfIt (sampling frequency: 33 kHz; PHO-CIS, Baltimore, MD). The recording electrode was inserted into the nodose ganglion using a micromanipulator, and a distension-sensitive unit was identified if esophageal distension (to 60 mmHg for 5 s) evoked action potential discharge.
Experimental protocols. The response to esophageal distension of esophageal nodose C fibers was determined using isobaric esophageal distension with intraluminal pressures of 10, 30, and 60 mmHg for 20 s each separated by 3 min. After the control response to esophageal distention was recorded, the compounds were delivered externally diluted in the Krebs superfusion solution for 30 min. The response to esophageal distention was then recorded in the presence of the compounds. In some experiments, the control response to esophageal distention was repeated to confirm the reproducibility as established in previous studies (5, 49) . In experiments designed to evaluate the effect of CGS21680 on the response to distention, two to three concentrations of CGS21680 were evaluated per fiber in threefold increments. In experiments with forskolin, two concentrations were evaluated. In experiments designed to evaluate the effect of the antagonists or inhibitors (SCH58261, H89, AP-18, and HC030031) on the CGS21680-induced mechanical sensitization, the response to esophageal distention was first recorded under control conditions, after superfusion with the respective antagonist or inhibitor for 30 min, and then after the perfusion with both the antagonist/inhibitor and CGS21680 for another 30 min. In experiments designed to investigate the effect of CGS21680 on the response to ␣,␤-methylene-ATP, the control response to superfusion of ␣,␤-methylene-ATP (10 min) was recorded, the tissue was superfused with CGS21680 for 30 min, and then the response to superfusion with ␣,␤-methylene-ATP (10 min) was obtained in the presence of CGS21680. The transient receptor potential vanilloid 1 (TRPV1) agonist capsaicin was used at the end of most experiments at its maximally effective concentration of 1 M to confirm capsaicin responsiveness of the nodose C fibers. Only 4 out of 88 nodose C fibers in this study were capsaicin-insensitive and these fibers were not included in the analysis.
Extracellular recording data analysis. The nerve activity (action potential discharge) was monitored continuously throughout the experiments. The response to distention was quantified as the total number of action potentials during the 20-s distention period presented as means Ϯ SE. For statistical analysis of the change in the overall response to distention, the area under the curve (AUC) was used as described previously (46) . AUC was calculated using standard geometrical formulas with the resultant formula (units omitted): AUC ϭ 20 ϫ (T10 ϩ T30)/2 ϩ 30 ϫ (T30 ϩ T60)/2, where T10, T30, and T60 are the total number of action potentials at the distention pressures 10, 30, and 60 mmHg, respectively, and the coefficients 20 and 30 refer to difference between the tested pressures (i.e., 20 mmHg ϭ 30-10 mmHg). The AUC was determined under control conditions and following the treatment(s). In addition, the peak frequency of distention-induced action potential discharge was also quantified and is presented as means Ϯ SE. The fold increase in mechanical response for CGS21680 concentration-mechanical sensitization curve presented in RESULTS (see Fig. 2A ) was calculated by dividing the response to distention with 30 mmHg in the presence of the indicated concentration of CGS21680 by the control response. In the three instances when the response to 30 mmHg was too small (Ͻ3 action potentials), the response to 60 mmHg was used instead. The activation (overt action potential discharge) evoked by compound superfusion was monitored was quantified as maximum discharge in 60-s bin defined as the maximal number of action potentials recorded in any 60-s interval during the superfusion with the drug. Acid (pH 5.3) was prepared by modification of Krebs solution by substitution of bicarbonate with phosphates and by adding Na D-gluconate to maintain sodium concentration and osmolarity as follows (in mM): 118 NaCl, 5.4 KCl, 6 NaH 2PO4, 1.2 MgSO4, 1.9 CaCl2, 11 dextrose, and 19 Na D-gluconate, with pH adjusted to 5.3 if needed. ANOVA, paired t-tests, and unpaired t-tests were used as was appropriate, and the significance was defined as P Ͻ 0.05.
Retrograde labeling. Retrograde labeling of the afferent neurons projecting to the guinea pig esophagus was performed as described previously (36, 48) . In brief, ketamine (50 mg/kg) and xylazine (5 mg/kg) were given (ip) as anesthesia, the cervical esophagus was surgically exposed, and the retrograde tracer DiI (0.1% in 10% DMSO in sterile saline; total volume: 5-10 l) was injected into the esophageal wall (1-2 sites). Following injection the esophageal surface was washed with a swab.
Dissociation. The vagal nodose ganglia were harvested 10 -15 days after esophageal DiI injections. Single cell RT-PCR studies were performed on individual neurons as described previously (25, 36, 38) . The sensory ganglia were dissected and incubated in the enzyme buffer (2 mg/ml collagenase type 1A and 2 mg/ml and dispase II in Ca 2ϩ and Mg 2ϩ free HBSS) for 3 ϫ 15 min at 37°C. Neurons were dissociated by trituration with three glass Pasteur pipettes of decreasing tip pore size between and after incubations. Then, they were washed by centrifugation (3 times at 1,000 g for 2 min) and suspended in L-15 medium containing 10% fetal bovine serum (L-15/FBS). The cell suspension was transferred onto poly-D-lysine/laminin-coated coverslips. After the suspended neurons had adhered to the coverslips for 2 h, the neuron-attached coverslips were flooded with L-15/FBS and used within 8 h.
Neuron picking. Coverslips with dissociated neurons were perfused with PBS, and the DiI-labeled neurons were identified under fluorescent microscope (rhodamine filter). Neurons were individually harvested by applying negative pressure to a glass-pipette (tip: 50 -150 m) pulled with a micropipette puller (P-87; Sutter). The pipette tip containing the cell was broken into a PCR tube containing RNAse inhibitor (1 l; RNAseOUT, 2Ul-1; Invitrogen), immediately frozen and stored at Ϫ80°C. Only the neurons free of debris or attached cells were collected. One to five cells were collected from each coverslip. A sample of the bath solution was collected from some coverslips for no-template experiments (bath control).
Single cell RT-PCR. First-strand cDNA was synthesized from single neurons by using the Super-Script(tm) III CellsDirect cDNA Synthesis System (Life Technologies) according to the manufacturer's recommendations. Samples were defrosted, lysed (10 min, 75°C), and treated with DNAse I. Then, poly(dT) and random hexamer primers (Roche Applied Bioscience) were added. The samples were reverse transcribed by adding SuperscriptIII RT for cDNA synthesis. Two microliters of each sample (cDNA, RNA control, or bath control, respectively) were used for PCR amplification by the HotStar Taq Polymerase Kit (Qiagen) according to the manufacturer's recommendations in a final volume of 20 l. After an initial activation step of 95°C for 15 min, cDNAs were amplified with custom-synthesized primers (Life Technologies) by 50 cycles of denaturation at 94°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 1 min followed by a final extension at 72°C for 10 min. Products were visualized in ethidum-bromide stained 1.5% agarose gels with a 50-or 100-bp DNA ladder. Figures (scRT-PCR) were prepared from multiple original gel images (from which only the C-fiber TRPV1-positive neurons were selected) by using Microsoft PowerPoint and Apple Preview. The bends indicate only the presence or absence of a product (i.e., target expression) but not the intensity of expression. The expression of TRPA1 was analyzed in the nodose TRPV1-positive neurons in which we had previously reported TRPV1 and A2A expression (36) . The primers were designed by using Primer3 (http:// bioinfo.ut.ee/primer3-0.4.0/primer3/) (35) . TRPV1 primers (sequence NM_001172652.1) were as follows: forward primer, CCAACAA-GAAGGGGTTCACA; reverse primer, ACAGGTCATAGAGC-GAGGAG; predicted product size: 168 bp; and predicted genomic product: Ͼ1,000 bp. A2A primers (sequence NM_001172733.1) were as follows: forward, CATCCCCTTCGCTATCACC; reverse, GCTG-GCTTTCCATTTGTTTC; product size: 467 bp; and predicted genomic product: Ͼ1,000 bp. TRPA1 primers (sequence NM_ 001198770.1) were as follows: forward, TTAGCAACTGCCTCTG-CATC; reverse, TACCAGCGCCTTGATCTCTT; product size: 177 bp; and predicted genomic product: Ͼ1,000 bp. The primers are intron-spanning and no genomic product would be amplified (size Ͼ1,000 bp is not achievable with the extension time of 30 s used for PCR), thus preventing false positive detection.
Whole cell patch clamp. Whole cell patch-clamp recordings from nodose neurons were performed according to our previously described method (15) . Briefly, borosilicate glass (WPI, Sarasota, FL) pipettes were pulled to 2-3 M⍀ and filled with the pipette solution (in mM): 140 CsCl, 1 MgCl2, 5 MgATP, 2 EGTA, and 10 HEPES (pH 7.2 with CsOH). Whole cell patch clamp was performed using an Axopatch 200B patch-clamp amplifier and Axograph software (Axon Instruments, Foster City, CA, now Molecular Devices, Sunnyvale, CA). Currents were typically digitized at 10 kHz and filtered at 2 kHz. During the experiments, the cells were continuously superfused with extracellular solution (140 mM NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, and 10 mM glucose, adjusted to pH 7.4 with NaOH) at room temperature. Drugs were delivered in the superfusion solution as follows: allyl isothiocyanate (AITC; 100 M, 60 s), CGS21680 (10 nM, 60 s), and a combination of AITC (100 M) and CGS21680 (10 nM) for 60 s. In some experiments the response to repeated AITC was obtained. The data are presented as means Ϯ SE of inward current density (inward current normalized for the cell capacitance, pA/pF).
Drugs and chemicals. The following drugs were used: CGS21680 (stock solution 10 mM dissolved in DMSO; Tocris Bioscience); AP-18 (stock 100 mM in DMSO; Tocris Bioscience), SCH58261 (stock 10 mM in DMSO; Tocris Bioscience), HC030031 (100 mM in DMSO; Tocris Bioscience), ␣,␤-methylene-ATP (stock 10 mM in water; Sigma-Aldrich), forskolin (stock 100 mM in DMSO; Tocris Bioscience), H89 (stock 10 mM in water; Tocris Bioscience), capsaicin (stock 10 mM in ethanol; Sigma-Aldrich), and AITC (stock 0.1 M in DMSO). Stock solutions were stored at Ϫ20°C. All drugs were further diluted in Krebs solution to indicated final concentrations shortly before use.
RESULTS
Eighty-four nodose C fibers with nerve terminals in the esophagus that responded to esophageal distention were studied (1 C fiber/animal). We found that the selective adenosine A 2A receptor agonist CGS21680 evoked mechanical sensitization in esophageal nodose C fibers. Pretreatment with CGS21680 (3 nM, 30 min) induced a robust increase in the response evoked by esophageal distention with 10 -60 mmHg (Fig. 1) . Both the total number of action potentials as well as the peak frequency of action potential discharge evoked by 20 s of distention were approximately doubled (Fig. 1, B-D) . The typical time course of distention-evoked action potential discharge in nodose C fibers, consisting of a large increase in firing during the dynamic phase of distention followed by smaller nonadapting discharge (48), was not altered (Fig. 1B) .
The mechanical sensitization induced by CGS21680 was concentration dependent. Figure 2 shows that the maximally effective concentration of CGS21680 was 30 -100 nM, and the EC 50 was ϳ3 nM. The sensitizing effect of CGS21680 was fully reversible after washout. In experiments designed to investigate the reversibility of CGS21680-induced sensitization, the number of action potentials evoked by esophageal distention to 30 mmHg was 11 Ϯ 4 at baseline, 20 Ϯ 6 after 30 min of superfusion with CGS21680 (100 nM), and 10 Ϯ 3 after 30 min of washout (n ϭ 4).
We then used the selective A 2A antagonist SCH58261 to evaluate the selectivity of CGS21680 for the A 2A receptor on the nodose C fibers in our system (13, 51) . Pretreatment with SCH58261 (0.1 M, 30 min) did not affect the mechanical response in nodose C fibers but prevented CGS21680 (3 nM, 30 min)-induced mechanical sensitization (Fig. 2B) . CGS21680 was able to induce sensitization 30 min after SCH58261 was discontinued indicating that the inhibition of CGS21680 by SCH58261 was reversible (Fig. 2B) . The concentration-dependency and the inhibition by SCH58261 indicate that the CGS21680-induced mechanical sensitization in esophageal nodose C fibers is mediated by the adenosine A 2A receptor. Based on these results, we chose to use CGS21680 in the concentration of 3 nM for subsequent studies. Even though it effectively sensitized the mechanical response, CGS21680 was relatively ineffective in inducing action potential discharge in esophageal nodose C fibers (Fig. 3) . For example, CGS21680 in the concentration of 3 nM that induced a doubling in the mechanical response (Fig. 1 ) evoked almost no action potential discharge over baseline (Fig. 3) . This shows that the stimulation of the adenosine A 2A receptor can induce sensitization of nodose C fibers without causing an overt activation.
We next addressed the question of whether the mechanical sensitization induced by CGS21680 is due to a nonselective increase in nodose C-fiber excitability. We used the purinergic P2X receptors agonist ␣,␤-methylene-ATP, which evokes a reproducible action potential discharge in nodose C fibers (46, 49) . In contrast to its effect on mechanical sensitization, CGS21680 did not enhance the response of nodose C fibers to ␣,␤-methylene-ATP. The peak frequency of the response to ␣,␤-methylene-ATP (30 M, 10 min) remained unchanged following the pretreatment with CGS21680 (3 nM, 30 min) (5 Ϯ 1 vs. 5 Ϯ 1 Hz, respectively, P Ͼ 0.5). For comparison, the peak frequency of the distention (30 mmHg)-induced action potential discharge in the same experiments was doubled from 5 Ϯ 1 to 11 Ϯ 2 Hz (P Ͻ 0.05, n ϭ 6). No sensitization was revealed when the overall response to ␣,␤-methylene-ATP was quantified (maximum activity expressed per 60-s bin was 99 Ϯ 15 vs. 93 Ϯ 12 action potentials, P Ͼ 0.5, n ϭ 6). These results indicate that the stimulation of the A 2A does not nonspecifically increase the responsiveness of nodose C fibers to all stimuli.
In most cell types the adenosine A 2A receptor has been reported to couple to the G s protein leading to adenylate cyclase and protein kinase A (PKA) activation (13, 32) . We investigated whether the pharmacological tools that modulate the G s -adenylate cyclase-PKA pathway would influence the mechanical sensitization of nodose C fibers induced by CGS21680. Similarly to CGS21680, the adenylate cyclase activator forskolin (1-10 M) induced sensitization of response to esophageal distention (Fig. 4A) . Also similarly to CGS21680, forskolin did not induce appreciable action potential discharge in nodose C fibers (the forskolin-induced activation was comparable to CGS21680 3-10 nM in Fig. 3B ). The nonselective kinase inhibitor H89, which also inhibits PKA, inhibited CGS21680-induced mechanical sensitization (Fig. 4B) . These results are consistent with the involvement of the G s -adenylate cyclase-PKA pathway in the CGS21680-induced sensitization.
The TRPA1 channel has been implicated in mechanical sensitization of somatosensory and visceral afferent nerves including the esophageal C fibers (4, 24, 47) . We therefore evaluated the effect of TRPA1 antagonists on mechanical sensitization evoked by CGS21680. We used the TRPA1 antagonist AP-18 (30 M), which completely abolished activation of esophageal nodose C fibers by AITC (100 M) (6, 31) . Pretreatment with AP-18 did not affect the control response to mechanical distention but completely abolished the mechanical sensitization evoked by CGS21680 (Fig. 5A ). In addition, pretreatment with another TRPA1 antagonist, HC030031 (10 M) (11), did not affect the mechanical response but virtually abolished the mechanical sensitization by CGS21680. These results indicate that the activation of the A 2A receptor evokes mechanical sensitization of nodose C fibers by modulating TRPA1. TRPA1 antagonists did not have any effect on the action potential discharge during the perfusion with CGS21680. In the presence of AP18 (30 M, n ϭ 13), the maximum discharge in a 60-s bin was 5.5 Ϯ 2.0 vs. 11.6 Ϯ 4.8, under control conditions and during CSG21680 perfusion (3 nM), respectively (P ϭ 0.07). In the presence of HC030031 (10 M, n ϭ 7), the maximum discharge in 60 s was 7.6 Ϯ 3.0 vs. 12.9 Ϯ 4.6 (P ϭ 0.07), which was similar to the spontaneous firing during the perfusion with CGS21680 alone (Fig. 3) .
In a complex tissue-nerve preparation, CGS21680 could potentially be acting indirectly to induce mechanical sensitization of C fibers by causing release of sensitizing mediators from other cell types. Therefore, we investigated whether CGS21680 can induce the sensitization of TRPA1 in isolated esophageal nodose C-fiber neurons. Consistent with the predictions from our previous studies (6, 36) , we showed that esophageal C-fiber (TRPV1-positive) neurons expressing A 2A also express TRPA1 (Fig. 6A) . We next studied the esophageal nodose C-fiber (AITC-responsive) neurons by performing whole cell patch-clamp recordings in voltage clamp mode. In a manner consistent with our extra- total number and peak frequency of action potential discharge evoked by esophageal distention in two control stimulations and after pretreatment with CGS21680 (3 nM, n ϭ 10). Note the reproducibility of the response induced by esophageal distention. *P Ͻ 0.05, **P Ͻ 0.01. cellular studies (Fig. 3) , we found that CGS21680 did not induce appreciable currents in C-fiber neurons (Fig. 6, B and  C) . However, we found that CGS21680 induced a twofold enhancement of AITC-induced currents (Fig. 6, B and C) . This is consistent with the hypothesis that CGS21680 induces mechanical sensitization via the TRPA1 receptor, thus providing evidence that CGS21680 can induce TRPA1 sensitization in the nodose C fibers.
DISCUSSION
We found that stimulation of the adenosine A 2A receptor in esophageal nodose C fibers induces robust mechanical sensitization without causing overt activation. In contrast to sensitization of the mechanical response, the response evoked by P2X receptors agonist was not affected, indicating that the mechanical sensitization was not due to a nonspecific increase in sensitivity to all stimuli. Pharmacological inhibition of mechanical sensitization by TRPA1 agonists is consistent with the hypothesis that mechanical sensitization induced by A 2A stimulation in nodose C fibers is mediated by TRPA1. This hypothesis is indirectly supported by studies in the isolated neurons showing that stimulation of the A 2A receptor can sensitize TRPA1 currents in esophageal nodose C fibers. We have also provided evidence consistent with the involvement of the G s -proteinadenylate cyclase-PKA pathway in the mechanical sensitization induced by the adenosine A 2A receptor.
We conclude that mechanical sensitization induced by CGS21680 in nodose C fibers is mediated by the adenosine A 2A receptor. This conclusion is supported by the high potency (EC 50 : Ϸ3 nM) and concentration dependency of CGS21680, the reversibility of CGS21680-induced mechanical sensitization, and the complete and reversible inhibition of CGS21680-induced mechanical sensitization by the selective A 2A receptor antagonist SCH58261.
In our experiments, the potency of CGS21680 on the A 2A receptor was similar to that reported in other systems (3, 26, 43, 51) . We have previously shown that of the four known adenosine receptors, nodose C fibers express the adenosine A 1 and A 2A receptors but not A 2B and A 3 receptors (36) . Previous studies in the guinea pig vagal C fibers have also shown that the effects of CGS21680 (up to 100 nM) were not affected by the selective adenosine A 1 receptor antagonist DPCPX, indicating that CGS21680 does not induce appreciable effects in this system through A 1 receptor (9) . The concentration of SCH58261 selected for our experiments (0.1 M) was shown to block the effect of CGS21680 but not effect of the selective A 1 receptor agonist CCPA in the guinea pig vagal C fibers (9) . The observation that the A 2A receptor induced mechanical sensitization is consistent with the finding that local stimulation of adenosine A 2A receptors induced mechanical hyperalgesia in the skin (20, 39) .
Although CGS21680 enhanced the response to esophageal distention, it did not affect the response evoked by the P2X receptors agonist ␣,␤-methylene-ATP. This is consistent with the hypothesis that CGS21680 does not nonspecifically increase sensitivity to all stimuli. In theory, the lack of enhancement of the response to ␣,␤-methylene-ATP could be observed if near-maximum stimulation was achieved by ␣,␤-methylene-ATP under control conditions. However, the peak frequency of the control response to ␣,␤-methylene-ATP (Ϸ5 Hz) was similar to the peak frequency of the response induced by 30 mmHg of distention (Ϸ5 Hz) in the same set of C fibers. Nonetheless, while the response to ␣,␤-methylene-ATP was not affected by CGS21680, the response to distention was approximately doubled (peak: Ϸ11 Hz) in paired experiments. These results indicate that the increase in mechanical sensitivity of the nodose C fibers caused by stimulation of the adenosine A 2A receptor is not attributable to a nonspecific increase in electrical excitability.
We found that the sensitization induced by CGS21680 was prevented by the two structurally unrelated TRPA1 antagonists AP18 and HC030031. These data indicate that TRPA1 plays a key role in the CGS21680-induced mechanical sensitization in nodose C fibers. Our findings are in agreement with previous reports that TRPA1 mediates mechanical sensitization induced by inflammatory mediators and by inflammation in certain subsets of somatic and visceral afferent nerves (4, 24) , including the esophageal C fibers (45, 47) . The role of TRPA1 in mechanical hyperalgesia (behavioral mechanical hypersensi- Fig. 3 . Stimulation of the adenosine A2A receptor can induce a robust sensitization without causing an overt activation in nodose C fibers. Note that CGS21680 (3 nM) induced a strong sensitization (Fig. 1) and failed to cause an overt action potential discharge. A: examples of traces of baseline activity and the activity following the superfusion with CGS21680. B: maximum activity expressed per 60-s bin. Acid, the P2X receptor agonist ␣,␤-methylene-ATP (␣,␤-me-ATP), and the transient receptor potential vanilloid 1 (TRPV1) receptor agonist capsaicin are included for comparison as stimuli that strongly activate nodose C fibers. *P Ͻ 0.05, **P Ͻ 0.01 response vs. baseline. tivity) has been demonstrated in a number of organ systems (10 -12, 21, 31) . To our knowledge, the mechanism by which TRPA1 contributes to mechanical sensitization of afferent nerves has not been elucidated.
We also observed that TRPA1 antagonists did not inhibit distention-induced activation of nodose C fibers under control conditions. The selective TRPA1 antagonist AP-18 (30 M) completely abolished activation by AITC (100 M) (6) but had no effect on the response to esophageal distention (Fig. 5A) . These data are similar to previous reports (45, 47) , and indicate that TRPA1 does not participate in normal mechanotransduction of esophageal distention in nodose C fibers. Intriguingly, while in some nerve types TRPA1 contributed to response to focal mechanical stimuli (exemplified by stimulation with a von Frey probe) (4, 19, 22) , it has not been found to participate in response to distention/stretch in naïve animals without inflammation or application of sensitizing mediators. A notable example of this difference is pelvic muscular/mucosal fibers innervating the colon, in which the knockout of TRPA1 dramatically reduced the response to von Frey probes but did not affect response to distention (4) . The mechanism of how mechanical forces lead to TRPA1 activation has not been determined.
With a few exceptions, the adenosine A 2A receptor couples to a G s protein that stimulates adenylate cyclase, leading to an increase in cAMP and PKA activation (13, 32) . We carried out two experiments that could challenge the notion that CGS21680-induced sensitization is mediated by the G s -adenylate cyclase-PKA pathway. In these experiments, the adenylate cyclase activator forskolin mimicked the effect of CGS21680, and the kinase inhibitor H89 abolished the mechanical sensitization induced by CGS21680 (Fig. 4) . Although this is not sufficient to implicate a specific pathway, these results are consistent with the involvement of the G sadenylate cyclase-PKA pathway. Previous studies have also indicated that TRPA1 can be sensitized by PKA (44) . Interestingly, one study reported that the activators of PKA (dibutryl cAMP and forskolin) enhanced the response to heat but not the response to bradykinin in visceral polymodal nociceptors (28) . This is similar to the selectivity of sensitization we noted here.
Our data indicate that stimulation of adenosine A 2A receptors leads to sensitization of TRPA1 such that the TRPA1 becomes a meaningful component of the mechanical response. Furthermore, we hypothesized that this A 2A -TRPA1 interaction occurs directly at the level of the nerve terminals in the absence of secondary influences such as autacoids released by 6 . Sensitization of TRPA1 by CGS21680 in isolated esophageal C-fiber neurons. A: expression of the adenosine A2A receptor and the TRPA1 channel in esophageal nodose C-fiber neurons. Single cell RT-PCR was performed on TRPV1-positive nodose neurons retrogradely labeled from the esophagus. Individual neurons are numbered. "Bath" refers to a sample of the superfusing fluid (negative control); "ϩ" refers to a sample from the total RNA from the whole ganglia (positive control). The bands indicate only the presence of the target, but not the intensity of expression. B and C: CGS21680 (CGS, 10 nM) potentiated the currents induced by the TRPA1 agonist AITC (100 M) in esophageal nodose neurons (n ϭ 6, *P Ͻ 0.05). The whole cell patch-clamp recordings were made from the nodose neurons retrogradely labeled from the esophagus. Only neurons that responded to AITC were studied (5 AITC-unresponsive neurons were not studied further).
other cell types in the esophageal tissue. This hypothesis receives indirect support from our observation that esophageal nodose C-fiber neurons coexpress mRNA for TRPA1 and adenosine A 2A receptors. In addition, this idea is consistent with our finding that A 2A activation enhances TRPA1 currents in individual isolated nodose C-fiber neurons in the whole cell patch-clamp studies. These results also suggest that stimulation of adenosine A 2A receptor will amplify the activation of TRPA1 by endogenous activators in the esophagus such as the products of oxidative and nitrosative stress (2, 27, 40) induced by refluxed acid (14, 16) or reactive molecules commonly produced by immune cells (42) .
Previous studies have shown that the mechanical sensitization of nodose C fibers induced by stimulation of bradykinin B 2 receptor and protease-activated receptor 2 (PAR 2 ) was blocked by the TRPA1 antagonist (45, 47) . PAR 2 and the bradykinin B 2 receptor most commonly activate the G q -phospholipase C␤-protein kinase C pathway but can also activate the G s -adenylate cyclase-PKA pathway, the G 12/13 -Rho-kinase pathway, and other signaling pathways (23, 50) . One possible scenario is that multiple pathways converge to cause mechanical sensitization via TRPA1. Alternatively, the bradykinin B 2 receptor, PAR 2 , and the adenosine A 2A receptor could cause mechanical sensitization of nodose C fibers via activation of the same pathway, most likely through the G s -adenylate cyclase-PKA pathway. Irrespective of the signaling pathway involved, the observation that mechanical sensitization of nodose C fibers by multiple mediators can be blocked by inhibiting TRPA1 provides further support for the integrating aspect of TRPA1 in esophageal mechanical nociception and potential drug target (29) .
The source of adenosine in patients with esophageal hyperalgesia and chest pain has not been determined. Adenosine can be released from a variety of cell types activated by inflammation including neurons, endothelial cells, neutrophils, mast cells, and fibroblasts (37) . Another potential source of adenosine is ATP that is converted to adenosine by nucleotidases (e.g., ecto-5=-nucleotidase). Importantly, in addition to inflammation, ATP can be released from epithelial and smooth muscle cells by mechanical forces (7) such as the forces associated with swallowing. If adenosine is released in the vicinity of nodose C-fiber terminals, it would be predicted to cause the A 2A -mediated mechanical sensitization via TRPA1 that may contribute to pain in some patients with esophageal diseases.
